We studied the structural and magnetic properties of in-situ grown iron mononitride (FeN) thin films. Initial stages of film growth were trapped utilizing synchrotron based soft x-ray absorption near edge spectroscopy (XANES) at the N K-edge and nuclear resonant scattering (NRS). Films were grown using dc-magnetron sputtering, separately at the experimental stations of SXAS beamline (BL01, Indus 2) and NRS beamline (P01, Petra III). It was found that the initial stages of film growth differs from the bulk of it. Ultrathin FeN films, exhibited larger energy separation between the t2g and eg features and an intense eg feature in the N K-edge pattern. This indicates that a structural transition is taking place from the rock-slat (RS)-type FeN to zinc-blende(ZB)-type FeN when the thickness of films increases beyond 5 nm. The behavior of such N K-edge features correlates very well with the emergence of a magnetic component appearing in the NRS pattern at 100 K in ultrathin FeN films. Combining the in-situ XANES and NRS measurements, it appears that initial FeN layers grow in RS-type structure having a magnetic ground state. Subsequently, the structure changes to ZB-type which is known to be non-magnetic. Observed results help in resolving the long standing debate about the structure and the magnetic ground state of FeN.
I. INTRODUCTION
Iron and nitrogen are among the most abundant elements on the earth and therefore iron-nitrogen compounds -FeN x , are not only economical but also also environment friendly. They are being investigated for applications in a variety of fields. For x ≤ 0.5 in FeN x , compounds formed are magnetic and have been explored for applications as rare earth free permanent magnets, spintronic materials and also other emerging magnetic devices [1] . At x = 0.12 (in FeN x ), the phase formed is α ′′ −Fe 16 N 2 , which has been long debated to possess a giant magnetic moment, M∼3µ B /Fe atom [2] and is still being a subject of intense research [3] . At x = 0.25 the phase formed is Fe 4 N which is predicted to have almost 100% spin polarization ratio and a half-metallic character [4] , its larger (than Fe) M ∼2.5µ B /Fe atom [5] [6] [7] makes it a suitable candidate in spintronic devices and a potential alternative to Heusler alloys [8] . Between x = 0.33 to 0.5 in FeN x , phases formed are ε − Fe 3−y N (0 < y < 1), they are thermally stable and possess soft-magnetic properties [9] and recently exhibited for usage in Li-ion batteries [10] . At x = 0.5, the ζ − Fe 2 N phase forms [11] which has been used as a precursor to produce iron mononitride (FeN) and iron pernitride (FeN 2 ) by application of high-pressure and high-temperature (HPHT) [12] .
N rich phases of iron-nitrogen compounds (x > 1 in FeN x ) were theoretically predicted for a while, e.g. the * mgupta@csr.res.in spinel nitride Fe 3 N 4 [13, 14] and the pernitride FeN 2 [15] , only very recently the FeN 2 phase has been synthesized experimentally under HPHT (T∼2000 K, P∼50 GPa) [12, 16] and by raising the pressure above 100 GPa, the FeN 4 phase was also evidenced by Bykov et al. [16] . Very recently even higher N phases like FeN 6 and FeN 8 have been predicted [17] . Polymeric nitrogen chains present in N rich FeN x compounds makes them very attractive as high energy density materials (HEDMs), however their synthesis under ambient temperature and pressure remains a challenge.
While magnetic FeN x compounds already started to get attention in early 1950s [18] , experimental works on the mononitride phase can only be traced back in last three decades or so [19] [20] [21] [22] . FeN compounds were extensively studied by Schaff et al. [23] [24] [25] [26] in late 1990s. Subsequently, FeN thin films were synthesized using ion beam sputtering [27] , dc/rf magnetron sputtering [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , pulsed laser deposition (PLD) [39] [40] [41] [42] , high power impulse magnetron sputtering [43] , nitrogen plasma assisted molecular beam epitaxy (MBE) [44] [45] [46] [47] [48] and very recently under HPHT [12, 16, [49] [50] [51] . From applications points of view, the mononitride FeN is also very interesting as its oxidation resistance makes it a effective catalyst in chemical reactions [52, 53] , it can be used as precursor to yield magnetic phases in a controlled way [38, 44, 54, 55] and also in biomedical applications [17] . However, the fundamental understanding of mononitride FeN compound is still not well understood and variances can be seen between theory and experiments in terms of the lattice parameter (LP), structure and the magnetic ground state.
Considering recent theoretical works [17, [56] [57] [58] [59] [60] [61] and comparing with experimental works, various possibilities emerge about the structure and the magnetic ground state of FeN (i) γ ′′ -FeN with zinc-blende (ZB)-type structure (LP∼4.3Å) and a nonmagnetic (NM) ground state (ii) γ ′′′ -FeN with rock-salt (RS)-type structure (LP∼4.5Å) and a ferromagnetic (FM) or antiferromagnetic (AFM) ground state (iii) NiAs-type structure with a FM ground state (iv) CsCl-type structure with NM ground state (iv) wurtzite-type structure with a NM ground state (v) MnP-type structure at very high pressure. Among these, FeN in CsCl, wurtzite and MnP structures has not yet been synthesized experimentally, NiAs-type structure was experientially evidenced recently under HPHT [12, 16, [49] [50] [51] . Under ambient temperature and pressure conditions only the ZB and RStype FeN have been evidenced hitherto, however the existence of RS-type FeN is still debated experimentally. Recent first-principles calculations carried out by Li et al. [56] predict that the total energy for ZB-FeN (non spin polarized) at -16.893 eV is only slightly lower than for RS-FeN (spin polarized) at -16.892 eV. This energy is significantly higher for all other FeN phases mentioned above. Therefore, at T = 0 K and P = 0 GPa, the preferred phase is ZB-type FeN followed by RS-type FeN.
From a review of recent experimental works probing the magnetic ground state of FeN, it can be seen that irrespective of its LP (4.3 or 4.5Å), FeN remains nonmagnetic down to 2 K. An exception to this, are studies peformed by Usui and Yamada [41, 42] and earlier works of Nakagawa [20] , Suzuki [21] and Hinomura [22] et al. In all these works a magnetic phase was found at low temperature but along with an oxide phase. Usui and Yamada [41, 42] deposited FeN films using PLD and by varying the nitrogen partial pressure they synthesized ZB-type γ ′′ -FeN and RS-type γ ′′′ -FeN. In these works low temperature (down to 5 K) 57 Fe Mössbauer spectroscopy measurements were carried out and it was concluded that γ ′′ -FeN remain NM and γ ′′′ -FeN become AFM at low temperature. The Néel temperature (T N ) estimated for γ ′′′ -FeN films was 220 K. In addition to the AFM component with a hyperfine field of about 30 T an additional component with hyperfine field of 49 T was also observed. Generally, such component stems from an oxide phase [20, 22] therefore, the purity of these samples was questionable.
Jouanny et al. [32] prepared FeN thin films having LP ∼4.5Å using sputtering at 373 K and from their zerofield-cooled and field-cooled (1 T) magnetization measurements they could not find the presence of any magnetic order. J. Pak et al. [47] studied the growth behavior of epitaxial FeN thin films deposited using N plasma assisted MBE and from their in-situ reflection high energy electron diffraction (RHEED) measurements they found that the LP of ultrathin FeN films was about 4.52Å. Up to about 53 monolayers (ML), the LP of FeN films remained at this value but for a 140 ML thick (∼60 nm) FeN film, the LP reduced to 4.32Å. This reduction in LP was explained in terms of an intrinsic in-plane tensile stress that generates during the growth of the film. They also did magnetization and susceptibility measurements on the 60 nm thick sample down to 5 K and could not find the presence of any magnetic order. Gupta et al. [34] prepared FeN films with LP∼4.5Å using sputtering at 300 K and did 57 Fe Mössbauer spectroscopy measurements down to 5 K and could not find any magnetic ordering even after applying a magnetic field of 5 T. It may be noted that the LP of FeN films seems to vary with the growth temperature (T s ), when T s < 400 K, LP ∼ 4.5Å and between 400-500 K its was LP∼4.3 K.
Above experimental results indicate that ultrathin FeN films may behave differently than their thicker counterparts. When the growth of FeN films starts their LP is large and an intrinsic in-plane tensile stress forces it to reduce. In such a situation it can be assumed that initial FeN layer grow with a RS-type motif which changes to ZB-type when film thickness increases beyond a critical value. This critical thickness can be changed by varying the deposition conditions. However, to prove this point, low temperature magnetic measurements needs to be done on ultrathin films, preferably during in-situ growth to avoid surface contamination. Hitherto, low temperature magnetization measurements were performed only on thick FeN films (> 50 nm).
Magnetization and structural measurements at low temperatures on ultrathin films combined with in-situ thin film growth is a challenging task. In the present work we achieved this by preparing in-situ systems capable of doing x-ray absorption near edge spectroscopy (XANES) measurements at N K-edge and nuclear resonant scattering (NRS) measurements. It is known that N K-edge XANES can provide reliable information about the coordination between metal and N atoms [62] and NRS is a technique which is analogues to Mössbauer spectroscopy thereby providing the information about the local magnetic structure [63] . In both cases FeN films were grown using a similar magnetron sputtering source (φ1 inch) and under similar deposition conditions. From N K-edge XANES measurements, we observed a structural transition taking place between 5-10 nm and low temperature (100 K) NRS measurements also exhibited the presence of a magnetic component at similar thicknesses. These first ever in-situ N K-edge and NRS measurements clearly reveal that ultrathin FeN films grow in the RS-type structure and are magnetic at 100 K. When the thickness of FeN film increases beyond few nm, the structure changes to ZB-type FeN which has a non-magnetic ground state.
II. EXPERIMENTAL
In order to study the early stages of film growth, a magnetron sputtering system was mounted separately at the soft x-ray absorption spectroscopy (SXAS) beamline BL01 [64] of Indus 2 synchrotron radiation (SR) A schematic diagram and a photograph of the in-situ system prepared at the soft x-ray absorption spectroscopy beamline BL01 beamline at Indus 2 (a) and at the nuclear resonance scattering beamline P01 at Petra III (b). In both cases a φ1 inch magnetron source was used.
source at RRCAT, Indore, India and at the NRS beamline P01 [65] of Petra III SR radiation source at DESY, Hamburg, Germany. In both cases a φ1 inch magnetron source (AJA Int. Inc.) with Fe or 57 Fe target was used and keeping experimental conditions similar, FeN films of thickness ranging from sub nm to few tens of nm were deposited. Nitrogen alone was used to sputter the iron target. By using nitrogen alone as the sputtering medium (instead of a mixture of Ar+N 2 ), single phase FeN films can be synthesized in reactive dc magnetron sputtering(dcMS) [20, 34, 35, 38] . After growing a film of a particular thickness, XANES or NRS measurements were performed. Prior to in-situ experiments, few test samples were deposited to determine the deposition rates (using x-ray reflectivity), the crystalline structure using x-ray diffraction (XRD, Bruker D8 Advance using Cu-K α x-rays) and the magnetic structure using room temperature conversion electron Mössbauer spectroscopy (CEMS). The details of the experimental stations exclusively prepared in this work are described below.
A. In-situ system at SXAS beamline
In the ultra-high vacuum (UHV) experimental station of SXAS beamline, a magnetron sputtering source was installed. This source was mounted as shown in the schematic diagram in fig. 1 (a) . A photograph of the experimental chamber with the sputter source is also shown in fig. 1 (a) . Using this source FeN films were deposited on a Si substrate facing the source and then the substrate was rotated along its axis so as to allow the SR x-rays to fall directly on to the deposited sample. A mass flow controller was also mounted to control the gas flow precisely. Using N 2 (purity 99.9995%) alone as the sputtering medium, an iron target (purity 99.995%) -φ1 inch and thickness 0.5 mm was sputtered. The base pressure in the vacuum chamber was about 2×10
−8 mbar and with N 2 gas flowing at about 20 sccm, the pressure during deposition was about 5×10 −3 mbar. The sputter source was equipped with a shutter so that the actual film deposition can be started after stabilizing the source conditions. Prior to in-situ experiments, Fe target was pre-sputtered to remove surface contaminations. The sputtering power used was about 15 W (450 V dc) and the target -substrate distance was about 5 cm. All samples were deposited at ambient temperature without any intentional heating on a clean Si substrate. After each deposition the chamber was evacuated back to UHV conditions and XANES measurements at the N K-edges were carried out in the total electron yield mode. Typically, a N K-edge scan takes about a couple of minutes and a number of scans were averaged to improve the data reliability and statistics. The energy resolution at the N K-edge is better than 0.2 eV. The effectiveness of such insitu growth using SXAS has been amply demonstrated during the growth of Cr [66], TiO 2 [67] , TiN [68] and very recently for Fe films on MgO [69] .
B. In-situ system at NRS beamline Similarly for in-situ NRS measurements also a φ1 inch MS source was installed in a vacuum chamber as shown in the schematic diagram and photograph in fig.1 (b) . Here instead of natural Fe, a 57 Fe target with about 95% abundance and 99.95% purity was used. The thickness of this target was 0.4 mm. The sample holder was either held at ambient temperature (300 K) or cooled with liquid nitrogen (LN 2 ) flowing continuously in the copper reservoir holder. The temperature achieved at the substrate surface was about 100 K. The base pressure achieved in the chamber was about 3×10 −8 mbar (after a bake out). All other deposition conditions were kept similar as described in section II A. Samples were deposited on a sapphire substrate.
Here also after depositing a film, the chamber was evacuated again to UHV conditions and then NRS and x-ray (electronic) reflectivity (XRR) was measured. Since both NRS and XRR measurements can be done, almost simultaneously (one after the other within few minutes), the information about the magnetic structure and sample thickness, density, roughness etc. can be obtained in a unique way. The SR beam was tuned to 57 Fe nuclear resonance energy of 14.4 keV. Utilizing the pulse structure of SR beam, the prompt scattering taking place within few ns was used to record the XRR pattern, in the θ-2θ mode and NRS was recorded using a multi channel analyzer between 5 to 150 ns in the forward scattering geometry. The angle of incidence during NRS measurements was just above the critical angle. The details of the beamline can be in found in [65, 70] and about the NRS of SR in [63, [71] [72] [73] [74] .
III. RESULTS AND DISCUSSION

A. Structural and magnetic characterization of FeN thin film
Prior to in-situ experiments, preliminary characterization of a 50 nm thick FeN samples was carried out to understand its structural and magnetic properties. Shown in fig.2 (a) is the XRD pattern of this sample exhibiting a broad peak around 2θ = 34.9
• with a grain size of about 12.5(±0.5) nm. This peak can be assigned to FeN(111) and the LP comes out to be 4.45Å. Generally, the LP of FeN films has been found anywhere between 4.3 to 4.55Å and when FeN films are deposited at low T s (< 400 K), LP∼ 4.5Å [32, 34, 75] and at high T s , LP reduces to about 4.3Å [47, 75] . Therefore, from our XRD measurements, we can confirm the formation of mononitride FeN phase.
The N K-edge XANES pattern of this test sample is shown in the inset fig.2 (a) . [62] . Although N K-edge XANES has been used as a finger print to identify the electronic structure of early transition metal nitrides, such measurements in FeN system are almost nonexistent. In our recent work, we found that the intensity of feature b becomes almost negligible (compared to feature a) [35] in 150-200 nm thick FeN films deposited at 300 K. Generally, in octahedral symmetry both a and b features are clearly resolved e.g. in case of TiN [76] and CrN [77, 78] . In fact N K-edge features have been compared in fcc CrN and hcp Cr 2 N and it was anticipated that due to octahedral crystal field, N K-edge features show splitting in CrN but in Cr 2 N, no such splinting can be seen in absence of octahedral crystal field [77] . Therefore, N K-edge XANES can be used to distinguish between ZB and RS-type FeN, as demonstrated from our in-situ measurements presented in section III C. The magnetic state of another test sample (50 nm 57 FeN film) was measured using CEMS as shown in fig. 2 (b). It shows an asymmetric peak typically found in FeN films. This peak was deconvoluted into two singlets -S1 and S2. We find that the isomer shift of S1 is around 0, while that of S2 ∼ 0.5 mm/s. Here, S1 can be assigned to Fe coordinated with four N atoms as expected in ZB-type FeN; S2 can be understood to originate due to various factors such as defects or vacancies in ZB-FeN in agreement with previous works [32, 34, 45, 46] . The NFS pattern of this sample is shown in the inset of fig. 2 (b). The featureless pattern confirms that this sample is non-magnetic. Details of NFS results are discussed in section III D. Therefore, our 50 nm sample can be assigned as non-magnetic FeN (at 300 K) having a ZB-type structure with a LP of 4.45Å.
B. In-situ NRS measurements at 300 K Figure 3(a,b) shows the XRR and NRS patterns taken during in-situ deposition of 57 FeN thin film for various film thicknesses. As films become thick, the frequency of oscillation increases in the XRR pattern signifying that the thickness of films is increasing. The fitting of XRR pattern reveal that film roughness is within 1-2 nm and estimated film density matches well with FeN films. The NRS pattern of all FeN films show broad oscillationsmarked by a dashed line as shown in fig. 3(b) . These broad oscillations arise due to thickness of the film and are known as dynamical beats, explained in section III D. The absence of beating patterns arising due to hyperfine interactions (electric quadrupole or magnetic dipole) signifies that all FeN films are non-magnetic, irrespective of film thickness. Only the thinnest sample (1.7 nm) shows an additional beat which could have magnetic origin but due to low thickness and poor statistics, it is difficult to assign any magnetic component. FeN films at 300 K are expected to be non-magnetic. They might show a magnetic signature when cooled below 220 K [42] . Therefore, our 300 K in-situ measurements demonstrate the capability of the technique to probe ultrathin films. In order to probe the magnetic ground state we did in-situ XRR and NRS measurements at 100 K which are presented in section III D.
C. In-situ N K-edge XANES measurements Figure 4 shows the N K-edge XANES patterns taken during the in-situ growth of FeN films at 300 K. Before starting the deposition, the chamber was flushed with N 2 gas 2-3 times and after evacuating the chamber to UHV conditions, N K-edge measurements were performed on the bare substrate. As expected no signatures of N Kedge features can be seen on the bare substrate. Subsequently FeN film was deposited for a short time and it was astonishing to see that prominent N K-edge features can be seen even when film thickness was less than a monolayer (not shown) and for a 0.6 nm film, well-resolved N K-edge features can be seen in fig. 4(a) . The assignment of these features as a, b and c was already explained in sec. III A. Shown in fig. 4(b) is a magnified view of the derivative of absorption coefficient (dµ/dE) depicting the precise positions of features a and b. For ultrathin films (< 5 nm), we can see that the feature b is the strongest, also it shows a shoulder on the lower energy side (marked by an arrow in fig. 4(b) ), which could be due to some splitting in the eg orbitals.
When the film thickness increases to 9.6 nm, this shoulder disappears and the feature b suddenly becomes the weakest. For films of even higher thickness the feature b becomes even smaller (than both a and c). The ratio of features a and b is plotted in the inset of fig. 4(a) . Another prominent change that can be clearly seen is the shift in the position of features a and b. We can see that both a and b shift to higher energy as thickness increases and the energy difference of these two features (10Dq) reduces from 4.4 eV to 4.1 eV when the thickness increases from 1.2 to 39.6 nm. This difference becomes even smaller (∼3.7 eV) when the film thickness become even larger at about 80 nm (not shown). A variation in the energy separation 10Dq as a function of film thickness is shown in the inset of 4(b).
The intensity ratio and the energy separation of the first two features of ligand K-edge (e.g. O or N) in a transition metal oxide or nitride can be used to probe the hybridization between metal 3d and N or O 2p orbitals [62] . The energy separation 10Dq is a direct measure of ligandfield splitting and as atomic number increases d-orbitals become more extended resulting in larger overlap with 2p orbitals and therefore 10Dq increases. It may be noted that in N K-edge XANES of TiN is well-studied and typically, 10Dq is about 2.5 eV [68, 76] and in thick FeN films it comes around 3.7 eV, this larger value of 10Dq in FeN (as compared to TiN) can be understood in terms extended d orbitals in FeN as compared to TiN. Even larger value of 10Dq ∼ 4.4 eV was observed in ultrathin FeN films. It can be understood if we assume that the symmetry of N atoms changes from tetrahedral (ZB-type) to octahedral (RS-type). Due to crystal field splitting five degenerate 3d orbitals split into t 2g and e g orbitals. In an octahedral symmetry, the three t 2g orbitals points towards the corner and the two e g orbitals towards the center of the cube. Therefore, the interaction of e g orbitals with a ligand (N) is stronger than those of t 2g orbitals. On the other hand, in a tetrahedral symmetry, the crystal field splitting is reversed, and e orbitals are lower in energy than those of t 2 orbitals. Since in case of tetrahedral coordination the symmetry is non-centrosymmetric, the gerade (g) label is removed. Therefore, the reduction in 10Dq with an increase in film thickness can be understood if the structure changes from RS-type FeN in ultrathin films to than in ZB-type FeN in thicker films.
On the other hand, variations in the intensity ratios of first two features a and b are even more prominent across the films thickness, in particularly between film thickness of 1 to 10 nm. The structural transition from RS-type to ZB-type could be one factor that influences the relative intensity of features a and b, but the sharpness of the feature b (FWHM ∼ 0.8 eV) and b >> a, is somewhat puzzling. Such an intense feature in N K-edge has been observed during the adsorption of nitrogen on Mo(110) surface and has been explained in terms of N−N single and N≡N triple bonds that are formed on the surface of Mo [62] . Polarization-dependent measurements of N K-edge at the normal and grazing incidence by Chen et al. [62] also be seen during oxidation of TiN [76] and also after the implantation of N + ions on Zr and Hf [62, 76] . In fact such N−N or N≡N bonds are also expected to be present as polymeric N chains in N rich FeN x (x > 1), evidenced recently under HPHT by Bykov et al. [16] . Recently Wu et al. [17] predicted the existence of FeN 4 phase even under ambient pressure and temperature. The occurrence of such a sharp N K-edge feature may also stem from the presence of polymeric N chains in ultrathin FeN films but this needs to be further confirmed. The observed changes in the N K-edge XANES clearly demonstrate that ultrathin FeN films (< 5 nm) show a completely different behavior than rather thick FeN films and indicate that a structural transition from RS-type FeN to ZB-type FeN is taking place in the thickness range of 5 -10 nm.
D. In-situ NRS measurements at 100 K From our room temperature (300 K) in-situ NRS, XRR and N K-edge XANES measurements, the information obtained can be summarized as (i) irrespective of film thickness, FeN films were non-magnetic at 300 K (ii) the N K-edge XANES pattern of ultrathin films (< 5 nm) show a different characteristics indicating that films undergo a structural transition from RS to ZB-type as thickness increases beyond 5-10 nm. As evidenced by Yamada et al. [42] , RS-type FeN has a AFM ground state with T N ∼ 220 K, therefore by doing in-situ NRS measurements at low temperatures (below 220 K) it should be possible to verify if films become magnetic as expected for FeN in the RS-type structure. Similar to the procedures followed for in-situ NRS measurements at 300 K, the growth of FeN films was also studied by cooling the substrate holder by a continuous flow of LN 2 . Prior to cooling the sample holder, the whole system was baked to achieve UHV conditions which is an essential requirement to avoid condensation of moisture on the substrate surface at LN 2 temperatures. The estimated temperature at the sample surface was about 100 K and films of different thicknesses were deposited at this temperature. Figure 5 (a) and (b) shows XRR and NRS patterns for FeN films of different thicknesses. Here again total thickness oscillations can be seen in the XRR pattern ( fig. 5(a) ) yielding the thickness of films. The deposition rate estimated from the known deposition time was about 7.7 nm/min which was more than twice than that of samples deposited at 300 K (3.4 nm/min). Such enhancement in deposition rates is not unexpected at LN 2 temperatures as evidenced recently during the growth of nickel oxide thin films [79] . From the fitting of XRR patterns, we found that the density of films deposited at 100 K was similar to those at 300 K. More interesting behavior can be seen in the NRS patterns shown in fig. 5(b) . Here broad oscillation correspond to dynamical beats(DBs) [80, 81] originating due to the total thickness of sample (marked by dashed lines) can be seen. With an increase in thickness DBs shift to lower time in agreement with the behavior that can also be seen in samples deposited at 300 K ( fig. 3(b) ).
On the other hand, an additional beating pattern can be seen in ultrathin films (≤ 7.7 nm) and more prominently for the 3.8 nm film. It is known that in the presence of hyperfine interactions due to electric quadrupole or magnetic dipole, nuclear levels show quadrupole or Zeeman splitting. During the nuclei de-excitation process interference amplitudes give rise to oscillations in the scattered intensity with time. These oscillations are known as quantum beats (QBs) [82] . The periods and amplitudes of QBs reveal the information about the magnetic structure present in the sample. The absence of QBs in our NRS pattern is a characteristic of a nonmagnetic sample. These QBs are quite clearly visible in the 3.8 nm sample, and their presence, though weak, can also be seen in the 1.9 and 7.7 nm films. The positions of QBs is marked by an arrow in fig 5(b) . The presence of QBs indicates that the sample possess a magnetic structure. In order to find the nature of magnetism, the NRS spectra was fitted using REFTIM software [83] . Assuming a hyperfine field of about 15 T, the the period of QBs matches well with our experimental data. This value is smaller than the hyperfine filed of 30 T expected for the AFM RS-type FeN [42, 58] . Nevertheless, the presence of magnetic state in our ultrathin FeN films confirm that RS-type FeN indeed possess a magnetic ground state. Since samples in our study have been deposited at about 100 K, it can be anticipated that crystalline ordering may not get established due to lack of adatom mobility and therefore in this situation structural disorders may lead to a smaller hyperfine filed evidenced in the 3.8 nm film. Ideally, by depositing the film at a higher substrate temperature around 450 K and then cooling it down to low temperature, precise determination of the magnetic structure can be made.
A close correlation can be drawn between the N Kedge XANES and the 100 K NRS pattern of ultrathin (< 5 nm) FeN thin films. At such a low thickness their 10Dq value is large (4.4 eV), the ratio of features b/a is also large and they are antiferromagnetic. The octahedral coordination between Fe and N atoms confirm the RStype structure and the presence of AFM ground state further confirms it. From the observed growth behavior, it appears that initially FeN films grow in the RS-type structure, subsequently due to an in plane tensile stress, films are forced to adopt the ZB-type structure. Such transformation in the structure was also evidenced by J. Pak et al. [47] during the in-situ growth and study of epitaxial FeN films. It was found that the LP was 4.52Å in the beginning and when the thickness increases to about 60 nm it reduces to 4.32Å. It seems that the critical thickness at which such transition takes place will depend upon the growth temperature, in our case films are grown at 300 K and the RS to ZB-type structural transition is taking place around 5 nm but when films were grown at high temperature (e.g. 483 K by J. Pak. et al.), such transition was taking place at a much larger thickness. It is anticipated that by growing FeN films at high substrate temperature and then by studying the magnetic properties of ultrathin films at low temperature more precise estimation of magnetic ground state of FeN can be made.
IV. CONCLUSIONS
In this work structure and magnetic properties of ultrathin FeN films were studied during in-situ growth using N K-edge XANES at 300 K and NRS measurements at 300 and 100 K. N K-edge XANES measurements clearly reveal that coordination between Fe and N atoms changes from octahedral (RS-type FeN) to tetrahedral (ZB-type FeN) when thickness increases beyond 5 nm. Low temperature NRS measurements also depict such behavior as RS-type FeN films show an antiferromagnetic character. When the thickness of films increases beyond 5 nm films become non-magnetic as expected in for ZB-type FeN. The remarkable sensitivity of both XANES and NRS for ultrathin layers can further be utilized by growing FeN films at high temperatures and then studying the structural and magnetic properties at low temperatures.
